ABSTRACT: African horse sickness (AHS) is an infectious, non-contagious arthropod-borne disease of equids, caused by the African horse sickness virus (AHSV), an orbivirus of the Reoviridae family. It is endemic in sub-Saharan Africa and thought to be the most lethal viral disease of horses. This study focused on detection of AHSV in Culicoides imicola (Diptera: Ceratopogonidae) pools by the application of a RT-qPCR. Midges were fed on AHSV-infected blood. A single blood-engorged female was allocated to pools of unfed nulliparous female midges. Pool sizes varied from 1 to 200. RNA was extracted and prepared for RT-qPCR. The virus was successfully detected and the optimal pool size for the limit of detection of the virus was determined at a range between 1 to 25. Results from this investigation highlight the need for a standardized protocol for AHSV investigation in Culicoides midges especially for comparison among different studies and for the determination of infection rate. Journal of Vector Ecology 41 (1): 178-184. 2016.
INTRODUCTION
African horse sickness (AHS) is an infectious, non-contagious arthropod-borne disease of equids (Coetzer and Guthrie 2004 , Mellor and Hamblin 2004 , caused by the African horse sickness virus (AHSV), an orbivirus in the family Reoviridae. Nine antigenically different serotypes of the virus are recognized (McIntosh 1958 , Howell 1962 . AHSV is endemic in sub-Saharan Africa. Outbreaks, however, occur sporadically outside this region (Mellor 1993) . The World Organization for Animal Health (OIE) lists AHS as a 'notifiable' disease due to the high mortality rate in susceptible horses and its potential for intercontinental expansion (OIE 2014) . AHSV is transmitted by blood-feeding arthropods and more specifically by certain species of biting midges in the genus Culicoides (Diptera: Ceratopogonidae) (Du Toit 1944) . Of the more than 110 Culicoides species found in South Africa, Culicoides imicola Kieffer is considered the principal vector of AHSV in southern Africa (Nevill et al. 1992b , Meiswinkel et al. 2004 ) due to its abundance around livestock and wide distribution range (Nevill et al. 1992a , Venter et al. 2006 . The oral susceptibility of C. imicola to AHSV was demonstrated on several occasions in the laboratory (Venter et al. 2000 , Paweska et al. 2003 , Venter et al. 2009 ) and supporting results from field isolations (Nevill et al. 1992a , Meiswinkel et al. 2004 , Venter et al. 2006 . Transovarial transmission of AHSV in C. imicola does not occur (Thompson et al. 2012) .
Accurate diagnosis of AHSV is crucial due to the economic implications of the disease (Sinclair et al. 2006 , Quan et al. 2010 . The accurate and sensitive detection of virus in potential insect hosts is fundamental for determining infection prevalence in insect populations (Katholi et al. 1995 ). This will not only indicate which species may potentially be involved in the transmission but will also determine the risk of the virus spreading in the area. Previous studies, using cell culture based methods for virus isolation, indicated that even during outbreaks of AHSV the infection prevalence in field-collected C. imicola to be as low as 0.003% (Venter et al. 2006) . Taking into account that C. imicola will feed on a variety of large mammals, ranging from sheep to horses, and the relatively low numbers of viremic horses in an area at any given time, this low field infection prevalence in fieldcollected midges is to be expected. In most outbreak situations in South Africa, the superabundance of C. imicola will compensate for this relatively low infection prevalence (Venter et al. 2006) . In endemic areas, more than 1 million C. imicola can be collected during one night in a single light trap near horses (Meiswinkel et al. 2004 ). This envisaged low infection prevalence in the vector, combined with high abundance of insects, emphasizes the need for efficient and sensitive virus detection methods. Relative low infection prevalence in vector species collected in the field is typical of arbovirus infections (Walter et al. 1980 ). Another consideration is that of sub-transmissible infection; not all female insects may be able to transmit the virus (Mellor 1993 ) due to the virus not being fully disseminated within the insect or the lack of infectious virus (EFSA 2014). False positives during bluetongue virus (BTV) detection may be caused by inactivated virus in an infected individual after a blood meal or due to sub-transmissible virus (Veronesi et al. 2013 ). Also, a low blood volume (0.045 µl) taken by a female individual or low virus titer in a blood meal (10 5 TCID 50 /ml) may influence detection (Venter et al. 2005) .
Several studies have reported on the use and optimization of PCR for the detection of AHS viral RNA from cell cultures and tissue samples (Sailleau et al. 1997 , Aradaib et al. 2006 , Quan et al. 2010 , Guthrie et al. 2013 ). Scheffer et al. (2011 Scheffer et al. ( , 2012 used PCR for the detection of AHSV in the insect vector to determine prevalence in C. imicola. RT-qPCR is a rapid analysis method with a high specificity and sensitivity (Sinclair et al. 2006 , Guthrie et al. 2013 making it the preferred tool for the detection of AHSV. Real-Time reverse transcription PCR has also been used for the detection of bluetongue virus in field collected Culicoides (Vanbinst et al. 2009 ). Schmallenberg virus (SBV) is a newly emerged arthropod-borne disease of ruminants in Europe. Many SBV studies focus on the Culicoides vector (De Regge et al. 2012 , Elbers et al. 2013 , Goffredo et al. 2013 , Rasmussen et al. 2014 , Veronesi et al. 2013 . Culicoides pools for the detection of Schmallenberg and bluetongue virus in two previous studies were 25 and 10 respectively (Vanbinst et al. 2009 , De Regge et al. 2012 . Limit of detection determination has been done by use of artificial infection of Culicoides individuals (Elbers et al. 2013) . The optimal pool size of midges for the detection of AHSV is yet to be determined. Scheffer et al. (2012) suggested in preliminary results that a single infected midge could be detected in a pool of 200 uninfected midges. Evidence suggests that the use of smaller pool sizes, with fewer individuals, may be more effective in virus detection studies. A smaller pool may be more representative of the actual infection rate in a particular population of Culicoides (Vanbinst et al. 2009 ). Larger pools could increase the risk for false negatives and a dilution effect may also be present (Vanbinst et al. 2009 ). Furthermore it is important to consider that not all Culicoides females are competent to transmit virus (Mellor et al. 1993) .
Before determining the presence and abundance of AHSV in a natural setting, it is important to have a standard to process insects for an assay in order to obtain accurate and repeatable results of in-field situations. This limit of detection determination in the laboratory is of utmost importance, as it would be futile to process 500 individuals in a pool (with one infected individual theoretically present) if the PCR assay is not sensitive enough for such detection.
Analytical sensitivity is the minimum copy number of target nucleic acids that can be precisely measured with a PCR assay (Bustin et al. 2009 ). It refers to the smallest change in concentration that can be detected by the applicable methodology or instrument, and is also known as the slope of the calibration curve (CLSI 2004, Ambruster and Pry 2008) . Sensitivity is usually expressed as the LOD (Bustin et al. 2009 ). The limit of detection is the lowermost concentration of target nucleic acid that can be consistently measured and observed as a positive result. It is the lowest quantity of target nucleic acid that can be discriminated from the absence of that particular nucleic acid target (CLSI 2004, Ambruster and Pry, 2008) . The MIQE guidelines (Bustin et al. 2009 ) define the limit of detection (LOD) to be the "lowest concentration at which 95% of the positive samples are detected. " However, the influence of stochastic distributions needs to be considered. The LOD can be expressed in the units applicable to the experiment (Bustin et al. 2009 ). In this study the LOD was not defined in terms of TCID 50 /ml, but rather indicated in pool size.
The aim of this study was to determine the sensitivity of RTqPCR methodology for the detection of AHSV and to define the limit of detection of AHSV in C. imicola pools in the laboratory. This information will be essential for the more accurate determination of the field-infection prevalence of AHSV in future studies.
MATERIALS AND METHODS

Culicoides collection and feeding
Culicoides adults were collected alive on March 15 and 16, 2013, at the ARC-Onderstepoort Veterinary Institute, South Africa (25°39'S, 28°11'E, 1,219 m above sea level) using the Onderstepoort suction UV-light trap as described by Venter et al. (1998) . Livecaught C. imicola were subsequently fed on defibrinated sheep blood containing AHSV4 isolates (10 5 TCID 50 /ml) as described by Venter and Paweska (2007) . After feeding, fully blood-engorged C. imicola females were sorted on a refrigerated chill table and stored individually at -20º C. Previous studies have shown that the infection rate in C. imicola is generally lower after ten days incubation (Scheffer et al. 2011) . Additionally, after incubation, discerning between infected and uninfected individuals would be more challenging.
The inclusion of unfed or negative specimens, i.e., male and nulliparous females, within pools can be used as a measure of the specificity of a RT-qPCR protocol (Vanbinst et al. 2009 ). Based on abdominal pigmentation (Dyce 1969) , groups of unfed nulliparous C. imicola females were identified and stored in pools consisting of 1, 10, 25, 50, 100, and 200 individuals in 70% ethanol. Before viral extraction, one blood-engorged female, fed on the blood spiked with the AHSV, was added to each of these pools. Although nulliparous individuals were not used for bloodfeeding, the objective of the experiment needs to be emphasized. Although there is a possibility of the presence of virus in parous individuals before blood-feeding, a higher virus titer is preferred since the lower limit of detection was desired. The number of pools of each pool size is shown in Table 1 . Negative controls consisted of triplicate pools of 200 non-blood-fed nulliparous females.
Viral RNA extraction
Culicoides were removed from ethanol and pools were homogenized in TRIzol® LS reagent (Invitrogen) using 3 mm stainless steel beads for 2 min in a TissueLyser (Qiagen). The use of a tissuelyser greatly aided the processing of pools. RNA isolation was done with the Qiagen Rneasy® MinElute® Cleanup Kit according to manufacturer's instructions. RNA concentrations were determined with ND-1000 spectrophotometer (Nanodrop Technologies, Inc.) and dilutions made. Note should be taken that an alternative exists to make up pools by aliquoting from individually homogenized individuals instead of the method used above. However, a large number of samples is required for this.
AHSV RT-qPCR assay
AHSV RNA was detected by a one-step RT-qPCR targeting the NS1 segment (AHSV NS1 forward primer: 5'-CgCAATCTTCggATgTAAgC-3' , AHSV NS1 reverse primer: 5'-gCACATACCTTggATCTCTg-3' , and 6FAM-TCgCCA+TCC+TCA+TCATCg--BBQ AHSV NS1 Taqman LNA -Tib Molbiol). The NS1-gene was chosen because it is considered the most efficient target for the detection of all nine serotypes of AHSV (Mizukoshi et al. 1994) . The LightCycler® 480 RNA Master Hydrolysis Probes (Roche Diagnostics) and the Bio-Rad CFX96™ Real-Time PCR Detection System was applied. Each reaction comprised a total volume of 10 µl, composed of 10 ng/ml of RNA template and the LightCycler® 480 RNA Master Hydrolysis Probes (including RT-PCR buffer -250mM bicine/KOH, pH 8.2 (+25 0 C), 575 mM K-acetate, 40% glycerol (v/v)), activator, PCR grade water, and the primers (5 μM of each primer) and probe (6 μM). Each sample was analyzed in triplicate. A denaturing step of 98° C for 30 s was applied. The cycling conditions included a reverse transcription step of 61° C for 10 min and annealing and extension steps of 95° C for 30 s and followed by 44 cycles of 95° C for 5 s and 61° C for 30 s. The triplicate positive controls of 10 7 dilutions of the AHSV4 and non-template controls (NTC) were also included.
AHSV RT-qPCR assay performance
A standard curve was constructed (Figure 1 ) to measure the sensitivity of the applied PCR methodology. The same methodology was followed as above, but purified, cultured (PBS) virus (10 6 TCID 50 /ml) dilutions were included in the test rather than different pool sizes of Culicoides. The ASHV virus dilutions were made serially, ranging from 10 9 -10 copies. During each cycle of the PCR reaction doubling of the DNA molecules should ideally occur at a maximum of 100% (Bustin et al. 2009 ). A standard curve constructed from a dilution series of known concentrations can be used to determine the amount of target template in experimental samples, in addition to determining the performance of the PCR protocol for the specific target nucleic acid.
Statistical analysis
RT-qPCR results were processed using the BioRad CFX 96 software. Some statistical analyses were performed in SAS (SAS Institute Inc. 2015. The SAS System for Windows Release 9.3 TS Level 1MO). ANOVA used in conjunction with Tukey's posthoc analysis were performed to determine statistical significance differences in the number of positive results between the treatments (pool sizes). Confidence levels were also determined in order to determine the lower limit of detection. Statistical differences among pool sizes (types) were also determined with Chi-Square analysis. The phi coefficient was used in conjunction with ChiSquare analysis to measure differences between pool sizes with positive and negative counts (pools). The effect size and thus the practical significance of the relationship between variables (i.e., positive and negative pools) were calculated from a contingency table (Ellis and Steyn 2003) .
Estimation of infection rate
The infection rate in different pool sizes was determined using the formula of Chiang and Reeves (1962) . It was originally used for mosquito pools. The formula is defined as: P = 1 -[(n-x)/1] 1/m x 100 where P = estimate of the infection rate, n = number of pools tested, x = number of positive pools, and m = pool size (with both negative and positive pools present).
RESULTS
Sensitivity of RT-qPCR for the detection of AHSV
The results of the standard curve in Figure 1 displays a linear relationship between Cq values and RNA concentration detected. The standard curve was used to determine the efficiency of the AHSV RT-qPCR reaction. The correlation coefficient (R 2 ) was 0.997 and the slope of the log-linear phase was -3.138. The sensitivity of the AHSV assay was analyzed with a ten-fold dilution (Chiang and Reeves, 1962) . Table 1 . Number of Culicoides imicola pools for various pool sizes and the number of positive pools are given. The percentage of positive pools for each pool size and the mean Cq value are also given. Numbers per row followed by a different letter were significantly different at the 5% level.
of AHSV RNA. The 10 1 dilution was detected as a negative in the PCR reaction. Usually the lowest target level is defined between two to ten log copies. This range falls within the usual target level.
The efficiency of the reaction was found to be 108.3% and is displayed in the slope of the standard curve, which was -3.138. Reproducible and accurate results are obtained with a slope of between -3.58 and -3.10 or an equivalent efficiency of between of 90% to 110%. The efficiency of the reaction was found to be 108.3%. Thus, the efficiency/sensitivity of this specific reaction shows a good level of accuracy and reproducibility.
Limit of detection of AHSV in C. imicola pools
A total of 257 pools of C. imicola was analyzed. A total of 5,201 insects (excluding negative controls) were included in the assay results. The results of RT-qPCR on the different pool sizes, varying from 1 to 200 female C. imicola pools are given in Table  1 . A triplicate series originating from a single pool may not all be positive or negative. This is because the target molecule may not be present in all three replicates, resulting in an uneven distribution of either positive or negative results (Poisson distribution). The results for the negative control are also included in Table 1 . The mean Cq value for each individual pool size is shown together with a confidence interval of 90%.
The mean Cq value increased as the pool size increased. A possible dilution effect may be present; one infected female individual (with the viral RNA) may become inundated by the increasing number of uninfected females and thus result in a larger concentration of midge RNA. Cq values above 40 were considered as a negative result. Viral RNA could be detected in all the pool sizes, even in quite a large grouping of 200 individuals. However, the frequency of AHSV RNA detection declined with increasing pool size. Viral RNA could be detected in single infected individuals in 59.6% of the samples. A result of 100% detection was desired. In the pools of ten individuals with one blood engorged midge, viral RNA could only be detected in 22 (48.9%) of the 45 pools. As the pool size increased and a dilution effect was found, positive results decreased accordingly. In larger pools consisting of 25, 50, and 100 midges, 31.0%, 22.7%, and 16.2% tested positive, respectively. In the largest pool size of 200 only four (10.3%) out of 39 pools tested positive for AHSV (Table  1) . No virus was detected in the negative control pools consisting of 200 nulliparous females.
The number of replicates per pool size tested differed, but these differences were caused by the removal of anomalies. Early peaks from pools were detected with both the negative and nontemplate controls having Cq values of 0.00. Previous studies have shown that BTV 'positives' in female Culicoides individuals could have been the result of virus at a sub-transmissible level or due to the presence of inactivated virus in an infected individual after a blood meal was taken (Veronesi et al. 2013) . Further investigation into the cause of these anomalies is required. As indicated in Table  1 , fewer replicates were present as the pool size increased, as more inconsistencies became apparent with the larger groups. Here the sensitivity and specificity of the RT-qPCR come into play. It is possible that this specific method does not produce accurate results with such large pools.
The ANOVA indicated highly statistically significant differences among the pool sizes (p=0.0006). Statistical differences among pool sizes are indicated by different letters (a and b). Pool sizes of 1, 10, 25, and 100 do not differ statistically from the each other. The pool sizes of 50 and 200 do not differ statistically from each other. It is evident that there is a divide and differences between two groups of pools, on the one side pool sizes 1, 10, 25, and 100 and on the other side 50 and 200.
The mean Cq value for each pool size was used to derive copy numbers from the standard curve of known concentrations of AHSV. The lowest level of detection is derived from the y-intercept (Cq value) on the standard curve. Approximate log starting quantities decreased with an increase in mean Cq value of positive pools. Pool sizes 1 and 10 both have a starting quantity of . The pool size of 200 has a very low log starting quantity of cDNA (10 1 -10 2 ), and this copy number coincides with the sensitivity level determined for the RT-qPCR.
The infection rates for each pool size was estimated by use of the Chiang and Reeves (1962) formula. The infection rates declined with increasing pool size. Despite the low infection prevalence in some pool sizes, the superabundance of C. imicola compensates for this during outbreaks (Venter et al. 2006 ). These infection rates in the laboratory exceed the infection rate of field populations of C. imicola at 0.003% for AHSV (Venter et al. 2006) .
The p value of the Chi-Square analysis showed statistical significance (p=0.0000012) among pool sizes ( Table 2 ). The minimum expected count is 11.51 derived from the Chi value. The minimum expected count was only applicable for pool sizes 25 and below. The phi coefficient was 0.373. Thus a large effect was present indicating practical significance.
DISCUSSION
AHSV was successfully detected in all pool sizes ranging from one to 200. Various experimental limits were taken into consideration in the determination of the optimal pool size including: statistical significance, Cq values, Poisson distribution, cost effectiveness, starting quantity of target nucleic acids, assay sensitivity, number of individuals available, and time efficiency (Table 3) . Thus, for the purpose of this study with the application of RT-qPCR, a pool size between a range of 1-25 was chosen as the limit of detection. Above a pool size of 25, detection becomes less reliable with an increase in the risk of false negatives and results are subject to the effects of low copy numbers. Low copy numbers do not display a normal distribution of RNA but has to consider the Poisson distribution. The target molecule may not be present in all three replicates; with a Poisson distribution it is expected that 37% of pools should have one copy number, 18% should contain two copies, and 37% should contain no copies. The Poisson distribution affects both the sensitivity and number of replicates where low copy numbers are present (Rawer et al. 2003) . Although these results indicate that a single infected midge can be detected in a pool size of 200 uninfected individuals (Scheffer et al. 2012) , this seems neither reliable nor representative. There seems to be no standardized number of individuals per pool for the detection of AHSV and other viruses. Although large pools ranging from 100 to 100,000 individuals per pool were tested in the past (Nevill et al. 1992a , Venter et al. 2006 , Scheffer et al. 2012 , smaller pool sizes could have given a more accurate indication of the actual infection rate in the population tested. (Vanbinst et al. 2009 ).
In evaluation of the present results, it need to be taken into consideration that freshly blood-engorged midges were used. The virus was thus only present in the blood meal in the abdomen and did not yet replicate and disseminate throughout the midges. In competent individuals with a fully disseminated infection, the virus concentration will be up to two logs higher than in midges assayed immediately after feeding (Paweska et al. 2002) . Although this may suggest that larger pools can be used in the field, it must be taken into consideration that a range of infection will occur in field-collected midges and that it will be more reliable to target the lower limits of infection. The results may also have been influenced by a low blood volume (0.045 µl) taken by a female individual or low virus titer in a blood meal (10 5 TCID 50 /ml) (Venter et al. 2005 ). Our study showed that the Cq value and percentage positive pools are more reliable and repeatable at lower pool sizes and may explain the limited success in earlier studies where larger pool sizes were used. When using larger pool sizes, more pools need to be done to detect the virus due to the effect of a Poisson distribution with low RNA copy numbers. This may lead to an underestimation of the field infection prevalence in the vector. Results from this investigation highlight the need for a standardized protocol for AHSV investigation in Culicoides midges, especially for comparison between different studies and for the determination of infection rate. The success of this application of RT-qPCR for the detection of AHSV in C. imicola is an indication of the potential of this technique in the future, providing a more sensitive detection of AHSV and a rapid analysis method with high specificity and sensitivity. 
